Abstract Dynamic behaviors of polypropylene (PP), PPethylene propylene rubber (PP-EPR) and PP-nanoclay (PP-Nanocor) composites were studied by using split Hopkinson pressure bar at different temperatures and under different strain rates. Samples with two different geometries and with or without petroleum jelly lubricant were tested under identical testing conditions to compare the dynamic responses with underlying deformation mechanisms. For all the test temperatures and strain rates, the dynamic responses of neat PP and PP-Nanocor showed post-yield strain-softening, whereas those of PP-EPR showed strain-hardening after the yield point. PP-Nanocor showed more strain-softening compared with neat PP at room temperature due to the more important localized shearing deformation at the nanofiller/matrix interfaces. Friction between the sample and the bars affected the dynamic response of the materials at room temperature as well as high temperatures seen as differences in behavior between the dynamic behaviors of the non-lubricated thin samples and the non-lubricated thick samples under the same testing conditions. At room temperature and without lubrication, the thicker specimens of neat PP and PPNanocor failed during dynamic testing due to the barrelinginduced crack that propagated in the specimen and led to the formation of a peripheral fragment. Although petroleum jelly provided a satisfactory lubrication condition for both neat PP and PP-based composites at room temperature and at high temperatures, by reducing the friction effect on the yield behavior, the lubrication did not have a significant effect on the post-yield behavior of neat PP and PPNanocor, particularly for the room temperature testing and with the thick specimens.
Introduction
Research in the area of dynamic behavior of polymeric materials has been gradually growing in recent years. In fact, neat polymeric materials and polymer-based composites are widely used in engineering applications such as automotive and aerospace industries where high loading rates and wide range of temperatures are involved. In order to investigate the dynamic behavior of materials, Kolsky bars, also named split Hopkinson bars, are commonly used to achieve a strain rate larger than 10 2 s -1 [1, 2] . In the literature, different studies reported that the dynamic behavior of a given polymeric material is not always in good agreement even though the experimental conditions (temperature and strain rate) are similar [3] . On the one hand, the properties of the same polymer are often dependent on the grade and batch types. On the other hand, unlike quasi-static testing methods, dynamic testing in Hopkinson bars is not controlled by feed-back systems. Therefore, using this experimental method, one needs to pay more attention to obtain the intrinsic behavior of polymeric materials [4] [5] [6] .
Furthermore, no specific standard exists for the dynamic testing conducted with Hopkinson bars technique. Only some recommendations are provided in the literature [1, 2] . Thus, different sample geometries have been used. For instance, in the case of compression, the specimens with diameter to length ratios (D/L) less than 2 were chosen by Rietsch et al. [7] , Guo et al. [8] and Furmanski et al. [9] . The specimens with moderate D/L ratios from 2 to 3 were tested by Lee et al. [10] , Segreti et al. [11] , Wang et al. [12] [13] [14] and Matadi et al. [15] . In contrast, Pessey et al. [16] . used the specimens with D/L ratio close to 5.
Some experimental results show that the mechanical responses of a wide range of polymers and polymer composites are strongly sensitive to testing temperature and strain rate [17, 18] . Yield stresses obtained by using Hopkinson bars are significantly affected by sample size [19] [20] [21] . Therefore, an analysis of the sample size effect on the experimental measurements of the properties by using Hopkinson bars technique are necessary for obtaining accurate quantified behaviors of polymers and polymer composites.
Few existing works have addressed the sample size effect on the impact properties of amorphous [22, 23] and semi-crystalline polymers [24, 25] measured using Hopkinson bars technique. In this, most of the investigations were performed at room temperature [3, 4, 19, 20, 26] , except Trautmann et al. [22] who analyzed this effect at a cryogenic temperature. Among these studies, attention was usually focused on the yield behavior of the materials. To the best of our knowledge, no investigation of sample size effect on the deformation mechanisms of polypropylene (PP)-based composites have been reported. We note that these PP-based materials represent the second most important thermoplastic in term of market with a high annual growth rate. The aim of our work is to investigate the filler and sample size effects on the results obtained by using split Hopkinson pressure bar (SHPB) technique at different temperatures with and without lubricant. The materials tested in this study are neat PP and PP-based composites which are generally used for the manufacturing of bumpers in automotive industries.
Experimental Technique and Sample Preparation Split Hopkinson Pressure Bar Technique
A typical SHPB set-up ( Fig. 1) is an apparatus which consists of a striker bar, an incident bar and a transmitted bar. The incident and the transmitted bars of our SHPB are made of 316L steel with lengths of 3 m and a diameter of 22 mm. Strikers 0.5 and 1 m in length are made of the same steel. The strain gages are glued on the middle of the incident and the transmitted bars at a distance of 1.5 m from the interface of specimen and bars. A furnace with two symmetrical resistance heaters is installed for hightemperature testing.
Cylindrical specimens are sandwiched between the incident bar and the transmitted bar to determine their dynamic responses under compression. The striker is used to generate a longitudinal compressive wave. Once this compressive wave reaches the incident bar, strain gages cemented on this bar can record an incident wave e I ðtÞ. The difference in the mechanical impedances at the interface between the incident bar and the specimen results in the fact that a part of the incident wave reflects back along the incident bar while the other part passes through the specimen and then into the transmitted bar. The reflected wave e R ðtÞ is measured by the same strain gages cemented on the incident bar. The transmitted wave e T ðtÞ can be obtained by the same type of strain gages glued on the transmitted bar (Fig. 2 ). In addition, velocity sensor based on two laser beams is used to measure the velocity of the striker.
According to the classical elastic wave propagation theory, when the stress and strain fields are uniform in the specimen, the nominal stress (r n ), the nominal strain (e n ) and the nominal strain rate ( _ e n ) of the tested materials can be computed by the following expressions [1] :
Here, C b is the elastic wave speed in the incident and the transmitted bars (bars are made of the same materials); E is the Young's modulus of the bars; L represents the initial thickness of specimen; A and A s are the cross sectional area of the bars and the specimen, respectively. The engineering stress and strain measurements can be used to derive the true ones (with the subscript t) using the following equations [27] : _ e t ðtÞ ¼ _ e n ðtÞ 1 À e n ðtÞ ð4Þ
These equations are written for compression when strains are taken positive. Equation (6) is derivated from r t t ð Þ ¼ r n t ð Þð1 À e n ðtÞÞ 2t , where t is the Poisson's ratio.
For an incompressible plastic material, this Poisson's ratio is equal to 0.5. In this work, a value of t = 0.4 was calculated by using the sample geometry after dynamic test. During the dynamic test, an equilibration parameter, R(t), can be used to evaluate the force equilibration process through the following equation [28] :
Here, the input force at the front end of incident bar and specimen, F input , was calculated from the incident wave e I ðtÞ and the reflected wave e R ðtÞ(F input ¼ S b E b ðe I ðtÞþ e R ðtÞÞ, where S b is the cross-section area of the bar, E b is the Young's modulus of the bars). The output force at the back end of specimen and transmission bar was calculated from the transmitted wave e T ðtÞ (F output ¼ S b E b e T ðtÞ) [4, 21] .
Assumption of Split Hopkinson Pressure Bar
The split Hopkinson pressure bar analysis is based on four major simplifying assumptions [29, 30] : (1) The waves in elastic bars propagate in one-dimension; (2) In the axial direction, the stress and strain fields in the specimen are uniform; (3) The inertia effect on the specimen is neglected; (4) The friction effect on the interface between the specimen and bars is neglected.
The first assumption is generally accepted when the incident wave is much longer than the length of specimens [30, 31] .
Applying the second assumption, Eq. (1) becomes correct only when the stress and strain fields are uniform in the specimen. However, it is not valid at the beginning of the impact test. Actually, when the first wave reaches the interface of the specimen and the incident bar, the interface of the specimen and the transmitted bar is not yet loaded. For a given material, the duration of the wave propagation through the specimen depends upon the sample thickness. Therefore, this effect is even more severe for thick samples [32] . In order to minimize this effect, thin specimens are more acceptable [4, 33, 34] .
During a high strain rate compressive test, besides the axial particle velocity of the specimen, both radial and tangential particle velocities achieve high values. The resulting necessary accelerations produce high compressive stresses in all three directions. Therefore, the hydrostatic part of the stress tensor is large. Consequently, the specimen remains constrained, showing greater apparent resistance to deformation than that for an ideal one-dimensional stress compressive test [35] . Even though the inertia effect is one of the major sources of error in impact testing [36, 37] , some authors report that this effect can be minimized if small specimens are used at high rates [24, 38] . Song et al. [4] noted that the induced inertia just led to a small increase of the intrinsic yield stress of the material. Trautmann et al. [22] showed that the inertial stresses of PC were less than 0.2 MPa for the thin specimen (0.5 mm) and less than 1 MPa for the thick specimens (5 mm) during the acceleration phase under a strain rate of 2500 s -1 . Thus, the inertia effect on the measured yield stresses can be neglected when thin specimens are used.
Friction is considered to be the largest source of error in the SHPB technique [39] . During high strain rate compression tests, friction between the surfaces of the sample and the bars tends to constrain the lateral flow of the sample. This constraint generates a hydrostatic stress that is superimposed upon the axial stress, resulting in a three dimensional stress state. For this reason, the measured mechanical response of tested materials tends to exaggerate their real behavior [39] . Moreover, this error is more evident for thin specimens which results in high measured yield stresses [35] . Different lubricant layers have been used to reduce the interfacial friction, such as silicone grease [38] , oleamide [3] , stearamide [3] , petroleum jelly [3, 19, 22, 38, 40] , molybdenum disulphide [22, 30, 41] and polytetrafluoroethylene [22] . Petroleum jelly is a suitable lubricant for polymeric materials which can effectively reduce the frictional effect on SHPB testing at low temperature (-60°C) and at room temperature [3, 22, 26, 33, 38] .
As discussed above, thin specimens are more acceptable to minimize the effects of the non-uniform stress field and inertia of specimens in SHPB tests. However, thin specimens tend to increase the frictional stresses.
Materials and Experimentations
Three different materials were studied. The first one is a neat PP referenced as Moplen HP500 N (highly isotactic grade produced by Lyondellbasell, Netherlands). This neat PP has a glass transition temperature of 12.2°C and a crystallinity degree of 49.2 % [42] . The second one is an ethylene propylene rubber (EPR) filled PP (referenced as SABIC, Saudi Arabia, grade 108MF97, with 22 wt % EPR) [43] . The third one is a home mixed PP (Moplen HP500 N, Lyondellbasell, Netherlands) based nanocomposite with 6 wt % of organoclay [44] . In the following, these three materials are denoted by Neat PP, PP-EPR and PP-Nanocor. The pellets of these three materials were first dried in an air-circulating oven for 60 min at 80°C, and then injection molded to produce. Cylindrical specimens with diameters of 8 mm and two different thicknesses of 3 and 6 mm were cut from the injection-molded plates using a die cutter.
In order to have the same experimental environment for each specimen, at each change of temperature, the furnace was first held at the required temperature without specimen for half an hour to obtain a uniform temperature field [12] . Then the specimen was inserted into the furnace for 15 min to produce thermal equilibration. Dynamic testing was carried out at three temperatures (20 (room temperature), 40 and 60°C), and under two strain rates ( _ e 1 ¼ 1247 AE 3:5 and _ e 2 ¼ 2247 AE 4:8 % s -1 ). Note that the strain rates were obtained from the true strain rate versus true strain curves with the same strain level for the yield stress. For current study, the heated bars' end inside the furnace may result in a non-uniform distribution of temperature at the end of bars disturbing the propagation of elastic waves, and consequently inducing some errors while using the usual processing of the SHPB. Figure 2 shows the incident, reflected and transmitted waves obtained from the SHPB experimental setup for petroleum lubricated neat PP at different temperatures and at a strain rate of 1247 s -1 . In Fig. 2 , the incident waves for the three testing temperatures have a good superposition indicating that the non-uniform distribution of temperature at the end of bars had limited effect on the elastic wave propagation. In addition, five experiments per condition were performed, which allows us to determine averaged values for each condition.
Results and Discussions
Tests Without Lubrication Figure 3 shows the evolution of the equilibration parameter R(t), as a function of time for the 3 mm thick petroleum lubricated neat PP at different temperatures and at _ e 1 ¼ 1247 s -1 , with a sampling time on the oscilloscope of 1 ls. It indicates that the specimens could be considered in force equilibrium roughly 50 ls after the initial dynamic loading for all the three testing temperatures. Note that a force equilibrium time of about 50 ls was found for all investigated PP-based composites at both strain rates and at three temperatures.
Experimental true-stress versus true-strain curves under uniaxial compressive loading for 8 mm diameter neat PP, PP-Nanocor and PP-EPR samples are plotted in Figs. 4, 5 and 6. The samples have two different thicknesses (3 mm and 6 mm) and the mechanical testing was conducted at three temperatures and under two strain rates. These samples were tested without lubricant. In Figs. 4, 5 and 6, the yield stress of PP-Nanocor is higher than those of neat PP under the same testing conditions. This is due to the presence of rigid fillers in PP-Nanocor [12] . PP-EPR has the lowest yield stress compared to those of neat PP and PP-Nanocor under the same testing conditions. Even though the PP matrix of PP-EPR is probably different from neat PP, the main reason of the lower yield stress of PP-EPR is probably due to the presence of the soft impact modifier of EPR [45] . In Figs. 4, 5 and 6, for both sample thicknesses, the experimental results clearly show the sensitivity of all tested materials to the test temperature and strain rate [46] . The high test temperature decreases the yield stress and the flow stress of the materials whereas the Experimental true-stress versus true-strain curves under uniaxial compression loading for 8 mm diameter PP-EPR samples of two different thicknesses at three temperatures and under two strain rates, no lubrication high strain rate leads to an increase in the yield and flow stresses. In addition, the dynamic responses of neat PP and PP-Nanocor show post yield strain softening, whereas the dynamic responses of PP-EPR show strain hardening after the yield point for both strain rates and for the three temperatures. Indeed, when polymers are subjected to high loading rates, the effects of strain hardening, strain rate and temperature sensitivity play important roles in the behavior of materials [47] . The dynamic behavior of materials is based on the opposing tendency of materials to strengthen at high strain rates and to soften with the temperature increase produced by adiabatic loading conditions [48, 49] . The ratio b (the fraction of plastic work converted to heat for plastic materials during high strain rate deformation) ranges from 0.4 to 1 [50] [51] [52] . For our materials, taking a density of 900 kg/m 3 and a heat capacity of 1925 J/K for neat PP and PP-based composites, the rise in temperature, DT, within the specimen can be calculated by the plastic work (W ¼ r e 0 rde) and the heat conversion ratio
where q is the material's density, Cp is the heat capacity of the material). At room temperature and at _ e 2 ¼ 2247 s -1 , by assuming the b is 1 (all the plastic work till to the maximum strain is converted into heat), temperature rises of 41 and 27°C were estimated for 3 and 6 mm thick neat PP, respectively, and 42 and 24°C for 3 and 6 mm thick PP-Nanocor, respectively. For 3 mm and 6 mm thick PP-EPR, temperature rises of 24 and 21°C were estimated, respectively.
The post-yield softening of neat PP and PP-Nanocor is probably due to the failure induced by adiabatic shear banding which overcomes the effect of high strain rate strengthening [53] . In addition, PP-Nanocor showed more post-yield strain softening, particularly for room temperature testing, compared with neat PP for both thickness samples and both strain rates. This greater degree of strain softening can be attributed to localized shearing deformation in the matrix as well as at the nanofiller/matrix interfaces. For higher testing temperatures, the lower post yield strain softening effects are probably due to the decrease of internal interaction forces of the materials, leading to a decrease of internal friction. Similar results were reported by Williamson et al. [54] on temperature-time response of a highly-filled polymer composite. They found that changing polymer sample temperature would bring about internal stresses via different thermal contraction and consequently have different time-temperature sensitivities. For PP-EPR, the failure is mainly associated with a craze-like damage, identified as a highly shear localized type of dilatational bands. These are formed when shear bands connect cavitated EPR particles [55, 56] . For blends with good rubber/matrix adhesion, after cavitation a rubber layer forms which is strongly attached to the inner surface of the newly formed void [56] . This rubber layer could stabilize dilatational band propagation by delaying strain localization and premature failure of the ligaments [56] . This may probably result in post-yield hardening of PP-EPR.
At room temperature, the true stress-true strain curves of the two different thicknesses exhibit clear differences for all materials. Thin specimens (3 mm) show higher stress states due to friction effects. This effect can be explained by the analysis proposed by Siebel [57, 58] . According to this, the measured yield stress (P) of the material can be theoretically estimated by Eq. (8) below:
Here, l is the coefficient of friction, D and L are the diameter and thickness of the specimen, respectively and r y represents the intrinsic yield stress of the material. In this equation, if l is constant for a given material, the aspect ratio, D/L, of the specimen is the only parameter that could affect the measured yield stress of the material. Therefore, according to Eq. (8), thinner specimens produce higher measured yield stresses for the same specimen diameter. This can be used to explain the existence of gaps between the experimental curves for two different thickness specimens. At high temperatures (40 and 60°C), the mechanical response decreases for all the materials compared that at room temperature. However, the true stresstrue strain curves for two different thickness specimens show that similar frictional effects still exist in the impact tests even at high temperatures.
Besides, the mechanical response of the thick specimens (6 mm) shows a rapid decrease of the flow stress after the yield point in comparison with the thin specimens (3 mm) for neat PP and PP-Nanocor (see Figs. 4, 5) . Similar results of the rapid decrease of the stress in thick specimens have been reported for an aluminum alloy [48] . The rapid decrease of the stress after the yield point in thick specimens may be attributed to the barreling effect [59] . Figure 7 shows optical micrographs for 3 mm and 6 mm thick neat PP specimens after dynamic testing at room temperature and at _ e 2 ¼ 2247 s -1 . The thick neat PP showed more important peripheral crack fragments than the thin one after dynamic test. This is probably due to the barreling effect induced crack that propagated in the specimen and led to the materials peripheral fragment. Similar longitudinal and diagonal facture planes were observed by Kudo and Aoi [60, 61] at the equatorial free surfaces of a medium-carbon steel cylindrical specimen in upsetting. We note that the thick PP-Nanocor had similar peripheral fragments after dynamic testing. In order to analyze the damage mechanisms, a scanning electron microscope (SEM) have been used. Figure 8 shows the fractured surface of thick PP-Nanocor after a dynamic test performed at room temperature and at _ e 2 ¼ 2247 s -1 . Even though the thick PP-Nanocor underwent high strain rate dynamic compression, acceptable adhesion between the fillers and the matrix (Fig. 8) could be observed. This observation allows us to conclude that the main failure of the material occurred in the matrix by crack.
Strain softening reduces as the temperature of the test is increased, vanishing for the test at 60°C. At 60°C, the experimental curves of neat PP and PP-Nanocor for both thickness samples show similar stress falls after the yield point which can be mainly attributed to softening of the material at high temperatures. However, the experimental responses of thick specimens of PP-EPR (see Fig. 6 ) do not exhibit a similar rapid decrease after the yield point but rather strain hardening at all three temperatures. This is due to the presence of EPR which increases the critical strain energy release rate for crack propagation [62] .
Lubrication with Petroleum Jelly
Petroleum jelly is a semi-solid low viscosity hydrocarbon with a low melting temperature. When used, petroleum jelly forms a thin film between the interface of the specimen and the bars acting as a lubricant. During impact testing, petroleum jelly lubricant provides a low sliding friction [22] .
In Figs. 9, 10 and 11, the experimental true-stress versus true-strain curves under uniaxial compression loading for 8 mm diameter neat PP, PP-Nanocor and PP-EPR samples with two different thicknesses (3 and 6 mm) at various temperatures and strain rates are plotted. All the samples were lubricated by petroleum jelly. These three figures show that the petroleum jelly effectively reduced the interfacial friction between the specimens and the bars seen as a reduction of the gaps between the curves for the two different thickness samples tested under the same conditions. The experimental room temperature curves of the two different thicknesses of neat PP and PP-Nanocor are very close up to the yield point. However, as for the nonlubricated samples, after the yield point, the curves of the thicker specimens show a similar rapid decrease compared to Figs. 4 and 5. By contrast, the experimental results for PP-EPR show practically identical curves for the two different thicknesses at all test temperatures and strain rates (see Fig. 11 ). If a specimen is well lubricated at all times and strains, the deformation should be uniform throughout the thickness under uniaxial loading. Thus, in the welllubricated case, there should be no significant barreling effect. For petroleum jelly-lubricated specimen, there may be a critical pressure to squeeze the petroleum jelly out from the interface between the specimen and the bars during the dynamic test. The loss of lubricant at this critical stress may result in an increase in the friction and consequently barreling of the specimen. This barreling effect may induce the crack, and then lead to the specimen peripheral fragments. For our investigation, a critical stress of about 70 MPa was found to squeeze out the petroleum jelly during the dynamic tests (see Figs. 9, 10, 11) . Fig. 9 Experimental true-stress versus true-strain curves under uniaxial compression loading for 8 mm diameter neat PP samples of two different thicknesses at three temperatures and under two strain rates, lubrication with petroleum jelly Fig. 10 Experimental true-stress versus true-strain curves under uniaxial compression loading for 8 mm diameter PP-Nanocor samples of two different thicknesses at three temperatures and under two strain rates, lubrication with petroleum jelly Fig. 11 Experimental true-stress versus true-strain curves under uniaxial compression loading for 8 mm diameter PP-EPR samples of two different thicknesses at three temperatures and under two strain rates, lubrication with petroleum jelly Therefore, petroleum jelly did not affect the post yield behaviors observed in thick specimens of neat PP and PPNanocor at room temperature for both strain rates. Petroleum jelly has a low melting temperature. In order to examine the lubrication effect of petroleum jelly on dynamic testing at a higher temperature, dynamic tests for neat PP at 85°C and at _ e 2 ¼ 2247 AE 4:8 % s -1 were performed. Figure 12 shows experimental data for neat PP with two thicknesses, with or without petroleum jelly lubrication. Our experimental results indicated that petroleum jelly could effectively reduce the friction effect on the dynamic behavior of neat PP at 85°C. When the petroleum jelly lubricated specimen was sandwiched between the incident bar and the transmitted bar, the spacing between the specimen and the bars was quite limited. During heating at 85°C, although petroleum jelly reached the melting point and became less viscous, it still stayed between the specimen and the bars. The less viscous petroleum jelly might continuously provide a valid test condition. Furthermore, we believe that 85°C is the highest temperature at which the dynamic behavior of polymeric materials should be investigated for engineering applications.
Conclusions
In this study, a split Hopkinson pressure bar was used to investigate the dynamic behaviors of neat PP and PP-based composites. Dynamic testing was conducted at different temperatures and strain rates to study the dynamic responses of the materials to temperature and strain rate effects. Specimens with two different diameter/length ratios with or without petroleum jelly lubricant were tested under identical testing conditions to compare their dynamic properties with the underlying deformation mechanisms. It was found that the addition of the rigid organoclay increased the yield stress and the Young's modulus of the materials, whereas the addition of the soft ERP decreased the yield stress and the Young's modulus. Whatever sample thickness, the yield stress and the flow stress of the materials increased with increasing strain rate and with decreasing testing temperature. In addition, the dynamic responses of neat PP and PP-Nanocor showed post yield strain softening due to the localized shearing deformation in the matrix as well as at the nanofiller/matrix interfaces. The dynamic responses of PP-EPR showed strain hardening after the yield point which we attributed to the delaying of strain localization by EPR reinforcement. Friction had a significant effect on the yield behavior as well as on the post yield behavior of the materials, showing a significant difference between the true stress-strain curves of the two thicknesses of specimen. Moreover, the thicker specimens of neat PP and PP-Nanocor had an important failure mode during dynamic testing at room temperature and without lubrication due to the barreling induced crack that propagated in the specimen and led to the formation of a peripheral fragment. Although the friction effect on the yield behavior of the neat PP and PP-Nanocor can be reduced by using petroleum jelly, the lubrication effect was limited to their post yield behaviors, particularly for room temperature testing and with a thick specimen. , lubrication with/without petroleum jelly
